ABSTRACT
I
mprovement of soil quality in continuous cropping systems is critical to sustaining agricultural productivity. Continuous monoculture cotton can reduce the quality of soils by loss of organic matter due to low levels of organic input and disturbance from tillage practices (Acosta-Martinez et al., 2004) . High cotton production can be maintained by combination of fertilizer application and crop rotation, particularly in heavy soils that include corn (Paxton et al., 1995) . Application of broiler litter to row crops increases crop yield and improves soil fertility. Many studies have evaluated cotton (Mitchell and Tu, 2005; Sistani et al., 2004; Tewolde et al., 2009 ) and corn (Zea mays L.) (Moss et al., 2001) responses to broiler litter applications under both conventional and no-till systems. Th e eff ects of broiler litter on soil properties under monoculture cotton have been reported (Adeli et al., 2007) . Since profi t margins in monoculture cotton have declined due to high production costs and stagnant yields (Reddy et al., 2006) , there has been a renewed interest in producing cotton in rotation with corn. Th e eff ects of rotation on cotton yield have been reported in Mississippi soils where cotton is typically grown continuously for many years (Pettigrew et al., 2006; Wesley et al., 2001) . In a silty clay loam soil in north Mississippi, Buehring et al. (1998) reported that rotating corn with cotton increased cotton yield as compared with CCC system. In Arkansas, Paxton et al. (1995) reported that cotton yield was 12% higher when rotated with corn compared with monoculture cotton. Rotating cotton with wheat in Vertisols is known to be advantageous to cotton monoculture (Hulugalle et al., 2005) . Th ey reported under minimum-tilled system, cotton-wheat rotational cropping yielded higher than CCC. In addition to yield increase, crop rotations have positive eff ects on soil physical, chemical, and biological properties (Karlen et al., 1994; Mady Kaye et al., 2007; Wright et al., 2008) due to higher C inputs and diversity of plant residues returned to soils in comparison with continuous monoculture cotton (Entry et al., 1996) . For example, Hulugalle et al. (2005) reported that soil organic carbon, in situ macroporosity at fi eld capacity and exchangeable K values diff ered between CCC and cotton-wheat systems. Reddy et al. (2006) reported that organic matter content at the soil surface (0-5 cm) was greater for cotton-corn rotation than CCC. Similar to crop rotation, the benefi cial eff ects of manure fertilization on physical, chemical and biological property of soil has been documented in monoculture continuous cropping system (Tazisong et al., 2005; Adeli et al., 2007; Eghball and Power, 1999) . For example, Adeli et al. (2007) reported that application of broiler litter signifi cantly increased soil chemical (total C and N) , physical (AS), and biological properties (MBC and N) at the 0-15 cm soil depth in no-till monoculture cotton. Manure fertilizations increase soil organic C concentration, AS and soil biological activities (Haynes and Naidu, 1998; Aoyama et al., 2000) . Whalen and Chang (2002) reported that long-term manure applications increase soil organic C through the addition of plant residue as a result of an increase in crop biomass production. Th e combination of crop rotation and manure applications may support crop yield and improve soil quality. Most of the work on long-term combined eff ects of crop rotation and manure applications on agricultural crop production and soil quality have primarily been done in Europe (Borghi et al., 1995; Berzsenyi et al., 2000) and Northern U.S (Bronick and Lal, 2005; Min et al., 2003) . However, the synergistic eff ect of these two management practices on soil properties in Southeast U.S. and particularly in Mississippi agro-ecosystems is scarce. Th erefore, the objective of this study was to determine the eff ect of cropping system (CCC vs. cotton-corn rotation) and broiler litter fertilization on the properties of Black Land Prairie clay soils of northern Mississippi agroecosystem.
MATERIALS AND METHODS
A fi eld study was conducted in 2003-2005 at the Mississippi Agricultural and Forestry Experiment Station of Mississippi State University, in Verona, MS. Th e soil is a Catalpa silty clay loam (fi ne, smectitic, thermic Fluvaquentic Hapludolls) soil. Th e Catalpa series, which is described as deep, somewhat poorly drained to moderately well drained soils with slow permeability, is found in the Black Belt Prairie soils of northeastern Mississippi. Initial soil samples were taken at the 0-to 15-cm depth before broiler litter application, and analyzed for chemical, physical, and biological properties as shown in Table 1 .
Th e experiment consisted of three crop sequences and fi ve fertilizations rates. Th e experimental design was a randomized complete block with split plot treatment arrangement and four replications. Cotton-based crop sequences included in the study were CCC, MCC, and CMC. were considered as main plots, and assigned to an area of 19.4 by 15.2 m. Subplots were assigned within each main plot, each diff ering by broiler litter and inorganic fertilizer application rates. Th e fertilization treatments included broiler litter at rates of 0, 4.5, 9.0 and 13.4 Mg ha -1 and inorganic fertilizer N-P-K at the rate recommended by Mississippi Soil Testing Laboratory. Subplot dimensions were four 15.2-m-long rows spaced 0.97 m apart.
Cultural practices used in the study were similar to that of local producers. Crop residues from corn and cotton were shredded in late fall. Th e fi eld was prepared each year in the fall or early spring by bedding up with a bedder equipped with a metal roller.
Broiler litter was applied in the spring each year and incorporated to the top 0.15-m soil layer within the same day of application with PrepMaster (Bigham Brothers, Inc., Lubbock, Texas), a bed-conditioning implement equipped with sweeps positioned in the center of the row, buster sweeps to reshape beds, a rolling cutter bar and a rolling basket for incorporation and soil conditioning, and a smooth metal roller to fl atten and fi rm the beds. Corn Terral 'TV2140RR' was planted to the MCC or CMC rotations in 2003 and 2004, and cotton 'DP 444 BG/RR' was planted each year to the respective rotation sequences about 4 wk aft er planting corn.
Inorganic fertilizer N (urea ammonium nitrate solution, 34-0-0) was applied at the rate of 123 kg ha -1 yr -1 to cotton or 180 kg ha -1 yr -1 to corn. Inorganic fertilizer N was injected into the soil about 0.15 m from the plant row to a depth of about 0.1 m using a liquid fertilizer applicator. Fertilizer N for corn was applied at the three-to four-leaf stages (V3 to V4) and that for cotton was applied at the pinhead square stage each year. Inorganic fertilizer P (triple superphosphate, 0-45-0) was applied to cotton or corn cycles at the rate of 23 kg ha In each plot, six soil cores were collected at 0-to 15-, 15-to 30-, 30-to 60-, and 60-to 90-cm depths using a regular soil probe with 2.5-cm diam. Samples were composited by depth. To ensure composite samples were representative of each plot, samples were taken from the row, wheel-tracked interrow and non-wheel-tracked interrow. Samples for each depth per plot was kept in a double-lined plastic bag and placed in cold storage at 4°C until analyzed.
Bulk soil samples were collected by shovel excavation from the 0-to 15-cm depth for AS. Soil AS was determined on 2 g of soil (air-dried) by the method described by Kember and Rosenau (1986) . Th e soil was added to a 250-μm sieve and was submerged into dish containing 50 to 80 mL of distilled water at the rate of 35 times min -1 for a total of 5 min to fully disrupt the aggregate and allow disintegration products to collect in the dish. Materials remaining on the screen include coarse organic materials and sand particles > 250 μm. Th e soils collected in the dish were dried in an oven at 105°C to determine the stable aggregate fraction (%) according to the formula:
[(stable aggregate/(stable + unstable aggregate)] × 100. (Danielson and Sutherland, 1986) .
Laboratory Evaluations
Broiler litter samples were collected at the time of application and stored under refrigeration until analyzed. Total N and total C contents in broiler litter were determined using an automated dry combustion C/N analyzer (CE Elantec, Inc., Lakewood, NJ). Total P, K, Ca, Mg, Cu, and Zn contents of broiler litter was determined by dry-ashing a 1-g sample according to procedures outlined by Isaac and Kerber (1977) using inductively coupled argon plasma spectrophotometer (ICP) (Th ermo Jarrel Ash; Iris Advantage ICP, 40669, Houghton, MI). Chemical analysis of broiler litter and the amount of nutrient applied each year are shown in Tables 2 and 3 .
Soil samples were sieved through a 2.0-mm sieve and partitioned into two portions, one for biological analysis and the other part air-dried and stored for chemical properties. Soil pH was determined in water using a glass electrode and 1:2.5 soil/ water ratio (pH/EC/TDS meter model H19813-0; Hanna, Woonsocker, RI). Soil samples were extracted using 1:10 soil/ KCl (2 M) and NO 3 -N and NH 4 -N was determined in the extracts using a Lachat system (QC 8000 fl ow injection analyzer; Lachat, Loveland, CO). Soil samples were extracted by Mehlich-3 method (Mehlich, 1984) and soil P, K, Ca, Mg, Cu, and Zn concentrations were determined using ICP. Total C and N in the soil were determined from air-dried, fi nely ground soil using an automated dry combustion C/N analyzer (Model NA 1500 NC; Carlo Erba, Milan, Italy). Organic C was estimated as total C since carbonates were not present in the samples. Soil MBC was estimated by the microwave irradiation technique (Islam and Weil, 1998) .
Th e statistical signifi cance of the eff ects of fertilization and crop sequence on soil physical, chemical, and biological properties were determined using mixed model analysis (Littell et al., 2002) . Crop sequences (CCC, MCC, and CMC) were the main plot, and fertilization (broiler litter or fertilizer N) the subplot factors, both of which were treated as the fi xed eff ects. Replication and its interactions with crop sequence and fertilization were random eff ects. Th e P values for ANOVA showing main and interaction eff ects of crop sequence and broiler litter rates on soil properties are shown in Table 4 . All diff erences mentioned in the discussion are signifi cant at P ≤ 0.05 unless stated otherwise.
RESULTS AND DISCUSSION
Initial soil characteristics are shown in Table 1 . Total C concentration for the entire study site in 2003 averaged 16.8 g kg -1 at the 0-15 cm depth. Total N and Mehlich 3 extractable soil P concentrations averaged 1.3 g kg -1 and 24.6 mg kg -1 at the 0-to 15-cm depth, respectively. Based on the nutrient contents of broiler litter used in 2003, 2004, and 2005 (Table 2) , total N, P, and K applied in litter were 1119, 489, and 1107 kg ha -1 for 3 yr (Table 3) . Soil pH Soil pH did not diff er among cropping systems when averaged across broiler litter rates (Table 5 ). Broiler litter application also did not have signifi cant eff ect on soil pH compared with the control, except at the highest rate (13.4 Mg ha -1 ) where pH increased by 0.38 unit (from 5.11 in the control to 5.49) (Tables 4 and 6) . Th e pH increased in soil amended with broiler litter, possibly due to the eff ect of calcium carbonate added to the poultry diet as source of calcium (Hue, 1992) . Soil pH of plots receiving only commercial fertilizer did not change signifi cantly as compared with the control (Table 6 ).
Total and Microbial Biomass Carbon
Soil total C and MBC values signifi cantly diff ered among cropping systems (Table 5) . No interaction on soil total C and MBC was obtained between broiler litter and crop sequences (Table 4) . Averaged across broiler litter rates, the use of corn in rotation with cotton signifi cantly increased total soil C and MBC at the 0-to 15-cm depth by 13 and 34% compared with CCC, respectively (Table 5 ). However, there was no signifi cant diff erences between the two rotations that have corn as a crop. Th is increase can be attributed to the above-and belowground biomass from incorporated corn residue (Hulugalle et al., 2005) . In agreement with our results, Hulugalle et al. (2005) also reported that the amounts of soil organic C and in situ macroporosity were higher in minimum-tilled cotton-wheat rotation than minimum-tilled CCC. Using corn in rotation with cotton not only increased the magnitude of total soil C and biomass C, but also increased the ratio of MBC to total C by 23% (from 15.7 to 20.5%) compared with CCC (Table 5) . Th e greater soil MBC to total soil C ratio in cotton-corn sequence than CCC indicates higher conversion of total C to biomass C (Sparling, 1992) . Th is suggests better stability of soil organic C, which implies better soil health and a good predictor of long-term crop yield (Entry et al., 1996) . Averaged across crop sequence, total soil C at the 0-to 15-cm soil depth linearly increased with increasing broiler litter applications (y = 15.9 + 0.75x, r 2 = 0.98, P < 0.05) ( Table 6) . A similar pattern was obtained between broiler litter rate and MBC (y = 277 + 7.9x, r 2 = 0.97, P < 0.05) at the 0-to 15-cm soil depth (Table 6 ). No signifi cant diff erence in total soil C and MBC was obtained between fertilizer N and the control (Table 6 ). However, broiler litter had greater impact on soil total C and MBC than commercial N fertilizer (Table 6 ). For example, at the highest rate (13.4 Mg ha -1 ), broiler litter signifi cantly increased both total soil C and biomass C by 38 and 26% compared with commercial fertilizer, respectively (Table 6) . Although inorganic N is expected to benefi t soil quality by increasing plant residue (Dick, 1992) , N fertilization at the rate of 180 kg ha -1 reduced soil MBC by 7%, compared with the control (Table 6 ). Nitrogen fertilization may have decreased MBC because of increased acidifi cation from applied fertilizer (pH = 5.02) ( Table 6 ). Kowalenko et al. (1978) and Liebig et al. (2002) , who found microbial activity decreased with decreasing soil pH, have reported negative eff ects of acidifi cation on microbial biomass. Crop sequences and poultry litter may increase soil microbial activity and diversity (Kennedy et al., 2004; Wright et al., 2008; Pratt and Tewolde, 2009 ). For example, at the same study site, Tewolde et al. (2009) reported that rotating cotton with corn increased total soil fungal population in contrast to CCC system. In other Mississippi soils, Pratt and Tewolde (2009) reported that broiler litter fertilization increased total fungal population. Total Nitrogen and Soil Residual NO 3 -N Th e interaction between broiler litter application rates and crop sequences for soil N was not signifi cant (Table 4) . Averaged across broiler litter rates, the inclusion of corn into rotation with cotton signifi cantly reduced soil total N and inorganic N by 14 and 17%, respectively, compared with CCC (Table 5 ). However, there was no signifi cant diff erences between the two rotations that have corn as a crop. Averaged across crop sequence, total soil N at the 0-to 15-cm depth linearly increased with increasing broiler litter rate (P < 0.05) (y = 1.15 + 0.0002 × r 2 = 0.93). No signifi cant diff erence on total soil N was obtained between inorganic N fertilizer and the control (Table 6 ). However, broiler litter at the highest rate (13.4 Mg ha -1 ) signifi cantly increased total soil N compared to inorganic N fertilizer (Table 6 ). Soil residual NO 3 -N concentrations in the soil profi le are shown in Fig. 1 . With CCC, soil residual NO 3 -N increased with increasing broiler litter rate (Fig. 1) . At rate greater than 9 Mg ha -1 , broiler litter application signifi cantly increased soil residual NO 3 -N at the 0-to 30-cm depth (Fig. 1) , indicating the potential negative eff ects of broiler litter on leaching loss of NO 3 -N. However, this pattern was not obtained where corn was included into rotation with cotton (Fig. 1) . Th e inclusion of corn into rotation with cotton signifi cantly reduced soil residual NO 3 -N concentrations compared with CCC (Fig. 1) . For example, at the highest broiler litter rate (13.4 Mg ha -1 ), residual NO 3 -N at the 0-to 5-cm depth was 24% (42 vs. 55 mg kg -1 ) lower with cotton-corn rotation than CCC (Fig. 1) . Th is could be related to more N removal by grain corn than seed cotton or greater N immobilization for decomposing corn plant residue than cotton. Our results are in agreement with Booker et al. (2007) , who reported less soil NO 3 -N when cotton followed sorghum than when cotton followed cotton.
Soil P, K, Cu, and Zn
No interaction on Mehlich 3 extractable soil P was found between broiler litter application and crop sequence (Table 4) . Averaged across broiler litter rates, the inclusion of corn into rotation with cotton significantly reduced Mehlich-3 extractable soil phosphorus (M3P) levels by 12% at the 0-to 15-cm depth compared with CCC (Table 5) , which could be related to lower P uptake efficiency by seed cotton (18 kg ha -1 ) than grain corn (31 kg ha -1 ) as reported by Dorahy et al. (2004) and Eghball and Power (1999) , respectively. No significant differences on M3P were obtained between the two rotations that have corn as a crop. Averaged across crop sequence, M3P at the 0-to 15-cm depth linearly increased (P < 0.05) with increasing broiler litter applications (y = 20.5 + 1.2x, r 2 = 0.98) and ranged from 20.3 mg kg -1 for the control to 36.3 mg kg -1 for the highest rate of broiler litter (Table 6) . No significant differences in M3P were obtained between inorganic N fertilizer and the control (Table 6 ). The cumulative P rates applied in broiler litter to the soil were 362 and 489 kg ha -1 at the rates of 9 and 13.4 Mg ha -1 , respectively after 3 yr (Table 3) . Soil P concentration increased with increasing broiler litter applications and much of the effect limited to the surface 0-to 5-cm depth (Fig. 2) . For example, the P concentrations at the 0-to 5-cm depth were 105 and 84 mg kg -1 at the rate of 13.4 Mg broiler litter ha -1 and 70 and 59 mg kg -1 at the rate of 9 Mg ha -1 for CCC and cotton-corn rotation systems, respectively (Fig. 2) . At the same broiler litter rate, soil P concentration at the 0-to 5-cm depth was 15-20% less with cotton-corn rotation than CCC. It seems that the efficiency of seed cotton in P removal from N-based broiler litter application to continuous monoculture cotton is not large enough to prevent P accumulation. An fourfold increase in plant available P content of surface soil at the highest broiler litter rate (13.4 Mg ha -1 ) (Fig. 2) increases the potential negative effects of broiler litter on contamination of water bodies through P leaching or P transport in surface runoff.
No interaction on soil K was found between broiler litter application and crop rotation systems (Table 4) . Crop sequence did not affect soil K and no significant difference on soil K was obtained between CCC and corn-cotton rotation (Table 5) . Averaged across crop sequence, soil K concentration at the 0-15-cm depth linearly increased (P < 0.05) with increasing broiler litter applications (y = 133.7 + 3.9x, r 2 = 0.97) and ranged from 133 mg kg -1 for the control to 188 mg kg -1 for the highest broiler litter rate (Table 6 ). Fertilizer application at the recommended rate for both cotton and corn significantly increased soil K by 10% as compared to the control (Table 6) .
Inclusion of corn into rotation with cotton significantly reduced soil Cu and Zn concentrations as compared with the CCC (Table 5) , indicating corn grain utilized more Cu and Zn than seed cotton. No interaction on soil Cu concentration was found between broiler litter application and crop sequence (Table 4) . Averaged across crop sequence, soil Cu concentration at the 0 to 15 cm depth linearly increased (P < 0.05) with increasing broiler litter applications ( y = 1.41 + 0.15x, r 2 = 0.97) and ranged from 1.46 mg kg -1 for the control to 3.42 mg kg -1 with the highest broiler litter rate (Table 6) . Fertilizer application at the recommended rate for both cotton and corn did not have significant affect on soil Cu and Zn concentrations as compared to the control (Table 6) .
Soil Bulk Density, Aggregate Stability, and Total Soil Porosity
Cropping system had positive eff ect on soil physical properties at the 0-to 15-cm depth. For example, the inclusion of corn into rotation with cotton reduced soil D b by 2% and increased soil total porosity by 11% as compared with CCC (Table 5) . Th e lower soil D b with corn-cotton rotation was likely associated to the addition of large amount of corn residue the years before sampling. Th e inclusion of corn into rotation with cotton signifi cantly increased AS by 19% as compared with CCC (Table 5) . No signifi cant diff erences on AS were obtained between the two rotations that have corn as a crop. No interaction was obtained between crop sequence and broiler litter application rate for AS (Table 4) . Averaged across cropping system, broiler litter application linearly increased soil AS (y = 23.9 + 0.85x, r 2 = 0.96, P < 0.001). Fertilizer application did not have a signifi cant eff ect on soil AS as compared with the control (Table 5 ). Rotating cotton with 1-yr corn positively aff ects soil physical and biological parameters (Tables 5 and 6 ), but no signifi cant diff erence in cotton lint yield was obtained between CCC and cotton-corn systems as reported by Tewolde et al. (2009) at the same study site. Averaged across crop sequences, cotton lint yield signifi cantly increased with increasing broiler litter applications ).
CONCLUSIONS
Inclusion of corn into rotation with cotton where broiler litter was used as the nutrient source played a key role in improving soil physical and biological properties by increasing soil total C, MBC, and AS, and by reducing D b . Application of broiler litter at the highest rate of 13.4 Mg ha -1 yr -1 to CCC appeared to exceed cotton N and P utilization potential as evidenced by high NO 3 -N concentration in the lower depth and approximately an fourfold increase in the plant available P at the 0-to 5-cm depth, which increases the potential negative eff ects of broiler litter on the quality of ground and surface water through NO 3 leaching loss and P transport in surface runoff . Rotating cotton with corn, even on a short-term basis as used in this study, decreased soil residual NO 3 -N concentration, and reduced P accumulation at the soil surface by approximately 20% (from 105 mg kg -1 with CCC to 84 mg kg -1 with cotton-corn rotation). Hence, for corn sown in rotation with cotton in Mississippi, the Mississippian cotton industry could potentially improve soil organic carbon, nutrient cycling, and soil quality if broiler litter is used as the nutrient source.
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